A stress path method for computing the settlement of normally consolidated clays is presented. The proposed method introduces the characterization of the stress-strain behavior that eliminates unnecessary experimental cost due to uncertainty in the design stress path. For arbitrary control of the eŠective stress during consolidation, a technique of back-pressure equalization, which enforces the immediate drained condition on the soil specimen without change of the eŠective stress state, was used. To account for nonlinear anisotropic response in computing the consolidation strains, the iteration procedure was designed. For the proposed method, the stress path experiments on the normally consolidated kaolin were conducted. An example illustrating the feasibility of proposed method in precisely calculating the settlement is shown for a circular footing on the clay stratum.
INTRODUCTION
Undeniably, nonlinear and anisotropic behavior of clay in various modes of deformation should be taken into account to accurately estimate the consolidation settlement. However, most geotechnical professionals still assume one-dimensional deformation and rely on limited information obtained from standard oedometer tests to simplify the design process of computing consolidation settlements. In theˆeld, however, lateral deformations are common resulting in the actual settlement to diŠer from the settlement computed assuming the one-dimensional deformation of the clay stratum. One may attempt to simulate the whole settlement process via theˆnite element method, in which case experimental eŠorts tend to be devoted to identifying model parameters of a speciˆc constitutive model rather than estimating the settlement itself.
The stress path method (Ladd and Lambe, 1964; Lambe 1967 ; Lambe and Marr, 1979 ) provides a rational way to compute both elastic compression and consolidation settlement of clays on an experimental basis. The stress path method rests on the principle of eŠective stress, thus considering all the variations of total and eŠective stresses and the excess pore water pressure. The general procedure for the stress path method (Lambe and Marr, 1979 ) is, (1) select the problem mechanism an engineer faces, (2) select`representative' soil elements for study, (3) prepare stress paths for the elements selected, (4) perform the stress path tests, (5) use the results of the stress path test to obtain the soil parameters needed for predicting performance.
The main challenge in the stress path method is in determining the stress increments. Obtaining the soil parameter primarily depends on a stress path, along which the soil element is supposed to be stressed. The stress path must be set up prior to performing the stress path test. If the designed stress path is changed, the whole process of the stress path test could be meaningless. The same di‹culty may arise if the project engineer wants to obtain a more reˆned solution with stress paths other than those pre-selected. A solution will be to measure soil deformation under all probable stress paths instead of a single designed path. However, the existing procedure of the stress path method, which needs separate tests for every path we want, demands enormous laboratory eŠort and time.
In addition, the di‹culty in running a stress path test in the laboratory could be a critical issue. A designed stress path will likely require non-standard testing procedure rather than the routine tests such as triaxial compression test or oedometer test. In case of the settlement problem, for example, we may need to prepare experiments for two phases of undrained loading and consolidation, where the eŠective stress to consolidate the soil sample can not easily be controlled (Gangopadhyay et al., 1980) .
In this study, we propose a new stress path method to evaluate settlements in the clay deposit. A revision to the stress path method is made with particular consideration to attainable patterns of the stress paths in the settlement problem. The work includes a systematic characterization of overall stress-strain behavior, an iterative scheme to evaluate strains for an arbitrary stress path, and a novel technique for conducting the drained stress path tests with the minimum experimental eŠorts. We redesigned the general procedure of the stress path method to cope with possible variations of the stress paths in the settlement problem. Theˆrst part of the paper provides the concept of the new stress path method and describes its detailed procedures. The typical stress paths expected in the settlement problem are intensively analyzed. Secondly, the normalized stress-strain behavior obtained from the stress path experiments is presented. Finally, an illustrative example to compute the settlement using the proposed stress path method is presented. Figure 1 illustrates a typical stress path of a soil element in the compressible clay stratum with low permeability, which can be decomposed into two distinctive phases: (a) undrained loading (e.g., path I-U) and (b) consolidation (e.g., path U-C). Prior to loading, a soil element in-situ remains conˆned laterally in the K0 condition with the initial vertical eŠective stress, s? vi, and the horizontal eŠective stress, s? hi , at the stress point I in Fig.  1 (Wood, 1990) .
TYPICAL STRESS PATH IN THE SETTLEMENT PROBLEM
Theˆrst stage is the undrained loading wherein the soil element is deformed immediately in the undrained condition with an increase of the total stress by Dsv and Dsh as well as an increase of the excess pore pressure, Due, thus changing the total stresses along the path I-C as well as the eŠective stresses along the path I-U. In Fig. 1 , Dqu＝ (Ds v -Ds h )/2 denotes the increase of q induced by the undrained loading. As the dissipation of the excess pore pressure consolidates the soil element, eŠective vertical and horizontal stresses gradually increase from the stress point, U. When total stresses do not change during consolidation, there will be an isotropic increase of eŠective stresses, and the eŠective stress point will follow the path-1. In actual case, the shear strength, stress-strain modulus and Poisson's ratio would gradually change due to consolidation, which results in the decrease of total horizontal stress (Gangopadhyay et al., 1980) , thus relocating the total stress point from point C to point D. Consequently, the eŠective stress path during consolidation will appear as path-2. Path-2 is likely to be nonlinear because during the consolidation process the eŠective stresses depend on the excess pore water pressure, which dissipates in a nonlinear fashion. In a case of the settlement problem, however, path-2 could approximate to path-3.
For the loading on a circular footing of a semi-inˆnite mass, the total stress path C-D can be examined using the elastic solutions. According to Poulos and Davis (1973) , the increments of vertical and horizontal stresses, Ds v and Dsh, induced by a uniform vertical loading on a circular area can be computed by
where a is the radius of the circular footing, p0 is the pressure acting on the circular area, z is the depth from the surface, and n is the Poisson's ratio of the elastic half space. The consolidation process will switch the soil state from the undrained condition to the drained condition, thus implying the change of the Poisson's ratio, n, from 0.5 for the undrained condition to the drained value such as 0.1 for clays. Figure 2 illustrates the total stress paths computed by Eq. (1) for the various depths along the centerline below the circular area of a＝25 m loaded by a pressure, p0＝260 kPa. As shown in Fig. 2 , the paths C-D indicating the change in total stresses during consolidation appear only for the shallow depth of z＝0¿30 m. Figure 3 shows the ratio of the length of the stress path C-D to the length of the path I-C, i.e., the relative magnitude of the total stress change during consolidation. Even for shallow depths of z/aº1.5, the length of the stress path C-D reaches at most 25z or more of the length of the path I-C. When ignoring such small non- linearity in path-2 in the narrow range of the stress space, the linear path-3 is the nearest and most reliable approximation to the nonlinear path-2 in Fig. 1 . It should be noted that this approximation also assumes the path-independent stress-strain response of soils in the stress space between the path-1 and 3. As shown in Fig. 1 
THE STRESS PATH METHOD
A stress path method is developed to compute settlement using the overall stress-strain behavior obtained from the systematic experiment. To increase experimental productivity, we introduce a new testing concept which includes: (1) normalized stress-strain behavior by the initial stress state, (2) unique relationship between undrained axial loading and immediate axial strains regardless of total stress paths, (3) equalization of the back pressure to the pore pressure developed during undrained loading for the active control of eŠective stresses during consolidation, and (4) evaluation of strains for any likely stresses by running minimum numbers of triaxial tests.
Normalized Response of the Stress-strain Behavior
It is well-known that normally consolidated clay exhibits similar stress-strain behavior when the stresses are normalized by the initial stress on the K0 line (Atkinson and Bransby, 1978 ). This normalized behavior, which has established the basis for critical state soil mechanics, would particularly be useful for the stress path method because the testing data of the stress path test for an initial stress point could embrace the overall stress-strain response for the diŠerent initial stresses. Herein, the stress path tests are conducted for a representative initial stress, from which we can establish the normalized stressstrain response.
Undrained Loading
In the previous section, we described two distinctive phases of the representative stress path in the settlement problem: (i) the nonlinear stress path of the undrained loading, and (ii) the linear stress path of the consolidation. Herein, it is assumed that in the undrained condition, the stress point of a soil element with a given stress history, consolidated to a given initial eŠective stress point will follow an approximately unique eŠective stress path for undrained conditions for any noncyclic total stress path. Recalling the theory of pore pressure (Skempton, 1954), the pore pressure parameter, A, can be measured for the usual undrained triaxial test in which Dsh＝0, thus obtaining A as
where Due is the excess pore water pressure.
Back-pressure Equalization
In conventional triaxial testing practice, it is not as straightforward to control eŠective stresses of a specimen in such a manner that the eŠective stress point follows an arbitrary linear path (e.g., the path-3 in Fig. 1 ) during consolidation. For example, the dissipation of excess pore pressure, usually initiated by opening a drainage valve connected to the soil specimen, always resorts to an identical increase of eŠective vertical and horizontal stresses (e.g., the isotropic stress path, the path-1 in Fig.  1 ). To overcome such limitation, we employ an experimental technique, namely back-pressure equalization. Figure 4 illustrates the stress state of a soil element in the triaxial testing procedure including back-pressure equalization. In the undrained loading, the axial stress, Dsd, is applied to increase the excess pore pressure, Due, while keeping the drainage valve closed. At this time, the back pressure, ub, remains the same as at saturation of the soil specimen. Prior to opening the drainage valve to consolidate the sample, we increase the back pressure by the same amount as the excess pore pressure. This technical procedure is named as the back pressure equalization, compensating for the excess pore water pressure, Due, by increasing back pressure, thereby enforcing the immediate drained condition on the soil specimen without any change of the eŠective stresses. Subsequently, the drainage valve is opened so that the soil specimen can further be stressed under drained condition. The back-pres- sure equalization makes it possible to perform the test following any stress paths including anisotropic stress path such as the path-3 in Fig. 1 . Additionally, it provides a methodology to measure eŠective stress-strain relationship at every stress point along the given consolidation path. The back-pressure equalization has an advantage over the conventional measurement of eŠective stress in the triaxial specimen equipped with a pore pressure transducer. The eŠective stresses computed from the pore pressure measurement will not be reliable because the pore pressure is locally measured at the top and bottom boundary of the specimen during consolidation. In the consolidation of the triaxial test, the eŠective stress is unlikely to be well deˆned due to non-uniform distribution of the excess pore pressure within the specimen.
Characterizing Stress-strain Behavior of Clays
To characterize the stress-strain response, we assume that the constitutive relationship is anisotropic under the triaxial stress condition as:
where evc and ehc are the vertical and horizontal strains induced by the vertical and horizontal stress increments during consolidation, Ds? vc and Ds? where the subscript I and II indicate the two diŠerent sets of the stress-strain data. Since we also assume a linear stress path during consolidation, the combination of Ds? vc and Ds? hc can be replaced with the stress ratio, Kc＝Ds? hc /Ds? vc, and the stress invariant, Dp? c, as
For a target stress path with the constant stress ratio, Kc, between (Kc)I and (Kc)II, the strain components are computed by Eq. (3) with pre-determined values of A, B, C, and D. For clays exhibiting mild nonlinearity, one may estimate strains by extrapolating strains for the stress path beyond the region between (Kc)I and (Kc)II. The compliance parameters, A, B, C, and D, however, are not constant due to nonlinear stress-strain behavior of clays. The parameters could be estimated via an iteration procedure, when the strain energy density is chosen as the basis of expressing the non-linearity of soil stiŠness (Hird and Pierpoint, 1997) . For the secant modulus of the nonlinear stress-strain curve in the triaxial stress condition, the strain energy density per unit volume, W, can be deˆned as
Equation (6) can alternatively be expressed as Figure 5 demonstrates the concept of the computing the compliance parameters, A, B, C, and D, and the consolidation strains, evc and ehc. For the given sets of the stressstrain data for the path I and II, the iterative computation of strain energy densities, WI, WII, and W, as well as the compliance parameters, continues via Eqs. (5) and Finally, the strains can be computed using the converged set of the parameters, A, B, C, and D, via Eq. (3). Figure  6 presents the ‰ow chart of the iteration procedure.
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STRESS PATH EXPERIMENTS
Soils
Triaxial testing samples were reconstituted using slurry consolidation technique. Dried Kaolin was pulverized and dry-sieved through a 0.425-mm sieve to remove coarse and medium particles. The slurry with a water content of 75z was placed into a large consolidometer (350-mm diameter by 600-mm height) and loaded in several stages until the applied pressure reached the consolidation pressure of 100 kPa. Index properties and consolidation characteristics of the samples from standard oedometer tests are summarized in Table 1 .
Results of Experiments
Tests were performed using a CKC e/p Cyclic Loader, an automated, feedback-controlled triaxial testing system (Chan, 1981) . Triaxial specimens with a nominal diameter of 71 mm and a height-to-diameter ratio between 2.1 and 2.3 were hand-trimmed from the reconstituted block. The specimens were saturated using a back pressure of 250 kPa over 24 hours until the B-value reached 0.97. Each specimen subsequently was reconsolidated until the axial stress reached twice the maximum past pressure (i.e., 200 kPa), subjected to a undrained loading followed by the back pressure equalization, and then consolidated with a selected stress path of Kc value. Axial strains of the specimen were measured via the external LVDT. Water volume expelled from the saturated specimen is equal to the volume change of the specimen, thus providing the horizontal strains from the relationship between axial and volumetric strains. During K0 reconsolidation, the stresses were controlled such that the K0 value was at a constant 0.5 determined from preliminary K0 consolidation tests. Under undrained loading, the axial stress was incrementally increased by 3.0 kPa, and sustained until the rate of the axial strain was less than 0.002 z/h. During consolidation (i.e., the drained loading with constant stress ratio Kc), mean consolidation stresses of axial and horizontal stresses were applied at a rate of 0.8 kPa/h to prevent accumulation of excess pore water pressure within the specimen. Figure 7 summarizes the applied stress paths. Each stress path test was initiated at an initial stress point of s? vi ＝200 kPa and s? hi ＝100 kPa. For the undrained loading, ve diŠerent values of Dqu, denoted by U1 to U5 in Fig.  7 , were chosen, implicitly simulating various shear stress levels induced by the rapid increase of the superstructure loads on the clay deposit. At each Dq u values, three stress path tests, denoted by C1, C2 and C3, of which Kc values are 0.57, 0.75, 1.00, respectively, were conducted. A total of 15 stress path tests were performed, as listed in Table  2 . Note that the data for paths C1 and C3 were used to determine the constitutive relationship of Eq. (3), while the strains measured along the paths denoted by C2 were compared with the computed data for veriˆcation. Figure 8 shows how the vertical strains, evu, and the pore pressure parameter, A's, developed during undrained loading. Note that Dqu is normalized by the initial vertical stress, s? vi. A unique relationship between evu and Dqu/s? vi as well as between A and Dqu/s? vi was observed, which can provide a basis for computing the vertical strains and the eŠective stresses for an arbitrary level of the undrained loading. This experimental data also support the generalization of the unique eŠective stress (Lambe and Marr, 1979) . Figure 9 compares the measured vertical and horizontal strains for the drained consolidation for Kc＝0.57, 0.75, and 1.0, for the stress paths presented in Fig. 7 . Even for diŠerent initial stresses, the vertical strains for the same value of K c are rather uniform, whereas some horizontal strains decrease initially, then increase later. For Kc＝0.57, the highest value of Dq/Dp?, the sample exhibits horizontal expansion with negative values of ehc, except for U1-C1. As the value of Kc increases towards the isotropic stress state, the horizontal strains become positive, thus laterally contracting the soil specimen. Figure 10 shows the contours of the strain energy density, W, for diŠerent levels of undrained loading. As can be seen in Fig. 10 , the patterns of the strain energy contour for the diŠerent levels of undrained loading are similar. The wide contour lines become narrow for W higher than 0.3 kJ/m 3 so that signiˆcant nonlinearity of the stress-strain response takes place after the initial portion of the loading. The contours of strain energy density exhibit modest variation with the radial pattern of the equal density lines, which implies occurrence of mild nonlinearity in stress-strain behavior for the small change of eŠective stresses in the consolidation process. Figure 11 presents the contour plots of the strain energy density as well as vertical and horizontal strains for the diŠerent drained loadings, which could simplify the iteration procedure for determining stiŠness parameters. As shown in Figs. 11(a) and (b) , two separate sets of the contour plots for K c ＝0.57 and 1.0 are presented. In the iteration procedure in Fig. 6 , the contour plots can be used to adjust stress increments, Dp? c, satisfying newly calculated W, as well as choosing input stress-strain data against the corresponding level of Dp? c.
The iteration procedure for computing consolidation strains can be veriˆed by selecting the data set for Kc＝ 0.57 and 1.0 as the input, and subsequently computing the strains for Kc＝0.75 via the procedure in Fig. 6 . Figure 12 compares computed and measured values of strains for Kc＝0.75. Computed strains agree surprisingly well with measured strains for every level of the undrained loading. The iteration procedure provides a simple but practical tool to compute consolidation strains without either a complicated constitutive model or a complicated stress probe test.
AN EXAMPLE OF EVALUATING CONSOLIDATION SETTLEMENT
An example of evaluating settlement of a circular footing with the radius of 5 m is presented. As illustrated in Table 1 . In the middle of the clay stratum at the depth of 6.5 m, the in-situ eŠective stresses for K0＝ 0.5, s? vi and s? hi, are 46.7 and 23.4 kPa, respectively. The applied pressure of the circular footing on the ground surface, p0, is 15 kPa. Elastic solutions of Eq. (1) yield the stress increments of (Dsv)u＝7.55 kPa and (Dsh)u＝ 0.90 kPa, for the undrained Poisson's ratio of 0.5 in the middle of the stratum (i.e., a/z＝0.77 in Eq. (1)). The subscript u in the stress increments denotes the undrained condition. Note that it is a common practice to use the elastic solution of Eq. (1) even for a layer withˆnite thickness (Terzaghi et al., 1996) . Similarly, assuming the Poisson's ratio of 0.3 for the fully consolidated clay, the 
where W is calculated for the target value of Kc＝0.87 using Eq. (7). (12) where ev is the total vertical strains induced by both undrained and consolidation loadings, and H is the depth of the stratum. For further precise computation, the clay stratum can be divided into several layers. In the original stress path method, such division requires separate tests to estimate the strains for each layer. Due to the characterization of the stress-strain behavior, herein, the proposed method has a certain advantage over the original method. The strains in a divided layer can simply be estimated from the existing experimental data of the stress path tests.
The proposed method would possess some limitations for its further application: (i) The characterization of the stress-strain behavior and its application would only be valid for the normally consolidated clays, because there is no concept of pre-and post-yield response. However, the present method may marginally be applied to lightly overconsolidated clays, which usually exhibit minor preyield deformation. (ii) The stress invariants, p?, p and q, are chosen for the triaxial stress condition, thus ignoring the eŠect of the intermediate stress inˆeld. (iii) The stress increments for consolidation loading are computed via elastic solutions, which might diŠer from actual stress variations inˆeld. Even though we still have several issues listed above, it could be emphasized that the proposed method will certainly enhance the practical use of triaxial testing data that appears abandoned in the routine geotechnical design in the settlement problem.
CONCLUSIONS
This paper described a new stress path method for evaluating settlements in saturated clay based on the original concept of Lambe (1967) . The revision of the method was made with the special consideration of possible patterns of the stress paths in the settlement problem. The proposed method introduces the characterization of the stress-strain behavior conducted prior to computing the settlement, thereby reducing experimental cost in application of the stress path method. To control the eŠective stresses during consolidation, a new experimental technique, namely back-pressure equalization, was suggested. To account for nonlinear anisotropic response of the stress-strain relationship during consolidation, the iteration procedure taking advantage of characterized soil responses was designed.
The stress path experiments on artiˆcially sedimented normally consolidated kaolinite were conducted, which provided basic information on nonlinear and anisotropic stress-strain response to assess strains for an arbitrary variation of eŠective stresses during consolidation. The iteration procedure in computing consolidation strains was veriˆed by comparing the computed and measured data. The example of calculating the settlement for an imaginary circular footing on the clay deposit has been shown, which illustrates applicability and versatility of the proposed method in precise calculation of the settlements in the saturated clay deposit.
